Influence of the substrate materials upon fabrication of aluminum nitride (AlN) coatings by reactive RF plasma spraying was investigated according to spraying onto various substrate materials. Aluminum particles were injected into Ar/N 2 plasma and were deposited onto carbon steel (S45C), aluminum alloy (A6063) and quartz substrates. In the case of using carbon steel substrate, fabrication of thick and dense Al based Al/AlN composite coatings was possible. However, higher concentration of AlN phase in the coatings peeled off the coatings during cool down after spraying due to the difference in thermal expansion coefficient between AlN and carbon steel. Therefore, formation of Al interlayer was attempted between AlN layer and carbon steel substrate in order to decrease the thermal stress. As the result, Al interlayer included Al/AlN composite coating was fabricated onto a carbon steel substrate with control the N 2 flow rate in plasma gas during spraying. While fabrication of AlN layer onto Al interlayer was possible, it was concerned that formation of Fe-Al intermetallic compound at the interface between the coating and the substrate formed defects. Then not the Al interlayer but aluminum alloy was used as the substrate. However, the aluminum alloy substrate melted during spraying even the substrate was cooled by water-cooled substrate holder. Therefore, it is demanded to the substrate materials have a melting point that is much higher than aluminum. On the other hand, almost completely AlN coatings were fabricated using quartz substrate, which involves lower thermal expansion coefficient and higher melting point. Therefore, the characteristics of low thermal expansion coefficient and high melting point were required for substrate materials in order to fabricate AlN or AlN based Al/AlN composite coatings by reactive RF plasma spraying. Especially, quartz was useful for the substrate material.
Introduction
Many non-oxide ceramics have excellent properties applicable to several structural and electrical components according to fabrication of thermal sprayed coatings. Especially, aluminum nitride (AlN) has received great interest due to its excellent mechanical and electrical properties. First of all, aluminum nitride has a high thermal conductivity (up to 320 W/mÁK for pure single crystal and 180-220 W/mK hot pressed material). [1] [2] [3] [4] In addition, it has good chemical/ physical stability at fairy high temperature regions, high hardness (Hv 1400), high electrical resistivity (10 13 cm), low coefficient of thermal expansion (the value is similar to silicon and GaAs) and high resistance of molten metals, wear and corrosion. [1] [2] [3] [4] Therefore, AlN has been expected to contributing several applications. For examples; heat sinks, hybrid substrates, semiconductor packages, crucibles and vessels for handling corrosive chemicals and molten metals, parts of semiconductor equipment, reaction vessels of etching and surface acoustic wave devices etc. [1] [2] [3] [4] So far, there are many studies about fabrication of AlN thin films, [5] [6] [7] [8] powder [9] [10] [11] [12] and sintered compacts. [13] [14] [15] [16] If the thermal sprayed AlN coatings are fabricated, on the other hand, cost-effective solutions become available for a number of applications. 17) However, it has been considered to be impossible to fabricate AlN coatings by thermal spraying due to thermal decomposition of AlN particles under high temperature (2273 K). Consequently, it had been developed some methods to fabricate AlN coatings by thermal spraying. Spraying of AlN and Al 2 O 3 powder by detonation spray 17) or LPPS (low pressure plasma spray) 18) were attempted in order to fabricate AlN coatings. And fabrication of AlN coatings with carbon reduction of Al 2 O 3 by plasma spraying was also investigated. [19] [20] [21] However, the coatings fabricated by those studies included a few AlN phase. Therefore, fabrication process of AlN coatings by thermal spraying has not been established. On the other hand, fabrication of AlN coatings has been investigated by aerosol deposition, [22] [23] [24] [25] in recent year. Though it was possible to fabricate high purity AlN coatings with dence microstructure, thick coatings could not fabricated by this process. Against above, it was possible to fabricate titanium nitride (TiN) and silicon nitride (Si 3 N 4 ) coatings by reactive RF (Radio Frequency) plasma spraying in our previous studies. [26] [27] [28] [29] [30] Furthermore, it was also possible to fabricate Al/ AlN composite coatings by reactive RF plasma spraying. [31] [32] [33] [34] In this study, AlN coatings were fabricated onto carbon steel (S45C), aluminum alloy (A6063) and quartz substrates by reactive RF plasma spraying. Carbon steel and aluminum alloy have been widely used as structural components. Quartz is used as the parts of semiconductor equipment 35) which is a typical application of AlN coatings. The best material for the substrate was selected in these three materials. And demanded factors for the substrate materials in order to fabricate AlN coatings by reactive RF plasma spraying were investigated in this study.
Experimental Procedure
A commercial aluminum powder (Kojundo Chemical Lab Co., Ltd) was used as feedstock powder. The morphology of the particles was shown in Fig. 1 . The particles are quasi-spherical shape. Typical impurities and the average particle size of the powder are shown in Table 1 . Grid blasted 20 Â 20 Â 5 mm Carbon steel (S45C), aluminum alloy (A6063), and quartz plates were prepared for the substrates.
All experiments were carried out with a reactive RF plasma spraying apparatus illustrated in Fig. 2 . The substrates were reciprocated underneath of the plasma by X-Y drive system in order to form uniform thickness coatings. The back surface of the substrates was cooled by a water-cooled substrate holder. Typical spraying parameters are shown in Table 2 . Previous results 31, 32) show that RF power and plasma gas flow rate affected to the nitriding reaction significantly. Thus, this study was also carried out with changing RF power and plasma gas flow rate. Spraying time was 600 seconds for all experiments without pre-heating the substrates. The chamber was once evacuated to a pressure less than 13.3 Pa using a vacuum pump before the plasma generation. After spraying, the samples were slowly cooled under vacuum condition.
The existence of AlN phase in the coatings was verified by X-ray diffraction (XRD) with CuK radiation. Cross section microstructures of the coatings were observed by scanning electron microscope (SEM) and energy dispersive X-ray (EDX) was used for the elemental analysis. Micro Vickers hardness tester was used to evaluate the cross section micro Vickers hardness of the coatings.
Results and Discussion

Fabrication onto carbon steel substrate
Typical results of the coatings fabricated by reactive RF plasma spraying onto carbon steel (S45C) substrate are shown in Figs. 3 and 4 as SEM images and XRD spectra, respectively. The results indicated that thick Al based Al/ AlN composite coatings were fabricated onto carbon steel substrate. Many layers are observed in the cross section microstructure of the coatings (Fig. 3) . It was caused by reciprocation of the substrate during spraying by X-Y drive system. The number of the layers was equal to the reciprocation frequency of the substrate during spraying. Excluding the layers, the coatings had dense microstructure. However, a large delamination crack was observed between the coating and the substrate as shown in Fig. 3(b) . Furthermore, most of coatings fabricated onto carbon steel substrate peeled off during cooling after spraying. Especially, it was observed a lot for the coatings including higher concentration of AlN phase. Therefore, it was difficult to fabricate AlN based Al/AlN composite coatings onto carbon steel substrate without peeling off.
On the other hand, there is another phase at the interface in the substrate as shown in Fig. 3(a) . From the XRD result of that phase, it was Al 5 Fe 2 which is the most stable phase formed with the reaction of liquid Al and solid Fe. 36) Thus, molten Al droplet diffused into carbon steel substrate during spraying. And the same time, Fe phase also diffused into the coating as the acicular phase shown in Fig. 3(c) . Formation of Al 5 Fe 2 phase and the acicular phase were also observed in the coatings fabricated using larger Al particles for feedstock powder. 31, 32) The coatings fabricated using larger particles never peeled. Therefore, it is hard to consider that the formation of Al 5 Fe 2 phase and the acicular phase affect the coatings exfoliation. Generally, it was considered that formation of diffusion layer in the substrate enhance the adhesion strength of the coating. In this case, however, thermal mismatch between the coating and the substrate influenced to the adhesion condition greater than the 10 µ m Fig. 1 Morphology of Al powder. formation of diffusion layer. Furthermore, the defects were observed in the diffusion layer as shown in Fig. 3(c) . It is considered that the formation of the defects in the coatings was due to the reaction between Al and Fe during spraying. Therefore, formation of Al-Fe diffusion layer hampered fabrication of the coatings.
Fabrication onto aluminum interlayer
In order to fabricate AlN coatings onto carbon steel substrate, it was necessary to alleviate the influence of thermal mismatch between AlN coating and carbon steel substrate. One solution is the selection of the substrate materials which involves low thermal expansion coefficient. Another solution is that formation of an interlayer between AlN coating and the substrate. In our previous studies, possibility of control the nitriding reaction of Al during spraying had been issued. [31] [32] [33] [34] Therefore, in-situ formation of Al interlayer and AlN coating by reactive RF plasma spraying was considered to be possible. In order to fabricate Al/AlN composite coatings which include Al interlayer, N 2 flow rate was gradually increased from 0 to 16.7 mm 3 /s during spraying. Typical SEM image and XRD spectrum of the coating are shown in Fig. 5 . It was possible to fabricate Al/AlN composite coatings with good adhesion to carbon steel substrate. The diffusion layer was also observed in the substrate. Surface region in the coating consist of columnar structure which is considered to be AlN layer. The columnar structure was formed due to the crystal growth resulting from the nitriding reaction of Al particles on the substrate. 37) In order to confirm the formation of Al interlayer and AlN layer, cross section micro Vickers hardness was evaluated (Fig. 6 ). This result indicates that the cross section divided into AlN layer, Al interlayer and carbon steel substrate clearly. While the hardness of AlN layer was much lower than pure AlN sintered compacts, it was due to Al contamination and the typical microstructure of thermal sprayed coatings. Though the diffusion layer was observed near the interface of the substrate, the hardness of the diffusion layer was similar to that of carbon steel substrate. Fabrication of Al/AlN composite coatings is also possible if the formation of Al layer on the substrate. However, the coating was not AlN based coating as shown Fig. 5 (XRD  result) . It was very difficult to control the nitriding reaction in order to form the two layer structured coatings. Because of the difficulty, the nitridation of Al particles took place by not only plasma irradiation but also their self combustion after deposit on the substrate. 38) Therefore, it is extremely difficult to increase the nitride concentration in the coatings without Al interlayer maintained.
Fabrication onto aluminum alloy substrate
Formation of Al interlayer in the coatings enabled to fabricate Al/AlN composite coatings onto carbon steel substrate. However, the control of the nitriding reaction for fabrication of Al interlayer was very difficult and is not practical. Consequently, it was considered that fabrication of AlN coatings onto Al substrate is possible without control the nitriding reaction during spraying. Typical SEM and XRD Fig. 7 . Extremely thick coating was fabricated on the substrate with dense microstructure and good adhesion to the substrate. However, the coating did not include the nitride phase. Furthermore, increase in RF power and/or N 2 flow rate in order to enhance the nitridation melted the substrate during spraying even using the water-cooled substrate holder. While RF power and N 2 flow rate enhance the nitriding reaction, they increase the plasma temperature in same time. 38) Therefore, fabrication of AlN or AlN based Al/AlN composite coatings onto Al alloy or low melting point materials is difficult. It should be selected the substrate materials with much higher melting point than aluminum.
Fabrication onto quartz substrate
The substrate materials in order to fabricate AlN or AlN based Al/AlN composite coatings had the problems of thermal mismatch and melting point. Consequently, quartz characterized as low thermal expansion coefficient and high melting point was used as the substrate material. Typical SEM image and XRD spectrum of the coating fabricated onto quartz substrate are shown in Fig. 8 . It was possible to fabricate almost completely AlN coating by reactive RF plasma spraying using quartz substrate. The columnar structure observed in the coating is due to the crystal growth resulting from the nitriding reaction as well as the case of the coating fabricated onto Al interlayer. While a crack was observed between the coating and the substrate, the coating never peeled off. The coatings fabricated on quartz substrate peeled in higher Al phase concentration in the coatings contrary to the case of using carbon steel substrate i.e. fabrication of Al or Al based Al/AlN composite coatings was difficult onto quartz substrate. It was due to the difference of thermal expansion coefficient between Al phase and quartz. Furthermore, reduction of quartz (SiO 2 ) by molten Al 39, 40) was also considered to be a factor. In some coatings fabricated onto quartz substrate included Si phase as shown in Fig. 9 . While the reduction of SiO 2 was a problem, peeling off the coatings and increasing the nitride phase in the coatings were possible according to the using of the quartz substrate. Therefore, quartz was useful for the substrate material in order to fabricate AlN thermore, it was demonstrated that low thermal expansion coefficient and high melting point were a very important factors for the substrate material.
Conclusions
Aluminum nitride coatings were fabricated by reactive RF plasma spraying onto various substrate materials in order to investigate the influence of the substrate materials. The following results were obtained in this study.
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